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Abstract 

Direct production of electron-positron pairs in two photon collisions, the Breit-Wheeler process, 
is one of the basic processes in the Universe. However, it has never been observed in laboratory 
because of absence of the intense gamma-ray sources. Laser induced synchrotron sources emission 
may open for the first time a way to observe this process. A feasibility of an experimental set-up 
using a MeV photon source is studied in this paper. We compare several 7 -ray sources, estimate the 
expected number of electron-positron pairs and competing processes by using numerical simulations 
including quantum electrodynamic effects. 
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I. INTRODUCTION 


According to the theory of quantum electrodynamics (QED) [1], an electromagnetic ra¬ 
diation with a sufficiently high energy density may create a matter in the form of particle- 
anti-particle pairs. The electron-positron production 7 -I -7 —t e’''-|-e“ is the lowest threshold 
process in the photon-photon interaction, which is of crucial importance in nature, control¬ 
ling the energy release in gamma ray bursts, active galactic nuclei, black holes and other 
explosive phenomena [2, 3]. It is also responsible for the TeV cutoff in the photon energy 
spectrum of extra-galactic sources [4] . 

The pair creation in a collision of two photons was hrst theoretically predicted by 
Breit and Wheeler [5] following the discovery of the positron by Anderson [ 6 ] . The effective 
cross section of such a process is of the same order as the Thomson cross section, i.e. 
~ Tg ~ 10 “^® cm^ where r^, = e^/dTreorngC^ = 2.8 x 10 “^^ cm the electron classical radius, Cq 
is the vacuum dielectric permittivity and e is the elementary charge. While the pair creation 
in photon collisions takes place on astrophysical scales [3], its experimental observation is 
difficult because of available photon fluxes of very low intensity [7, 8 ]. The linear Breit- 
Wheeler (BW) process, 7 ' -f 7 —)■ e"*" - 1 - e“ is the hrst order perturbative QED process, which 
is followed by the multiphoton processes 7 ' -|- 77,7 —>■ e~^ + e~ [9, 10]. This multiphoton 
electron-positron pair production has been observed experimentally at the Stanford Linear 
Accelerator Center (SLAG) [7, 11] in collisions of a high energy electron beam with a terawatt 
laser pulse. However, the electron beam energy was not sufficient for the hrst order BW 
process. 

The SLAG experiment consisted in injecting a beam of ~ 10® electrons with an energy 
of 46.6 GeV into an intense laser beam with a relativistic amplitude oq = eEo/meWoc ~ 0.5, 
where mg is the electron mass and c is the light velocity, Eq and uo are the laser electric 
held amplitude and frequency. It was a two step process. At the hrst step, the laser photons 
with an energy hwo ~ 1.9 eV, where h is the Planck constant, were converted in ~ 30 GeV 
7 -rays in the linear and nonlinear Gompton backscattering processes nu -f e“ —)■ e“ -|- 7 with 
n = 1-4 [ 12 ]. Approximately 10 ® high energy photons per shot have been produced. At 
the second step, these high-energy photons were collided with the laser photons producing 
pairs 7 -f- nuj —>■ -|- e“. Although the probability of this process was very low, the authors 
observed about 100 positrons in 20000 laser shots. According to the energy conservation. 
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at least four optical photons, n = 4, were needed for this non-linear BW process. In this 
conhguration, colliding with an optical laser beam the hrst order BW process would require 
200 GeV photons. 

Observation of the BW process is difficult because of other pair-production reactions in 
charged particle collisions. The major competing processes are: the electrons collision with 
a nucleus, e~ + Z ^ Z + e'^ + 2e~, the so called “Trident” process, with the effective cross 
section ~ Z^a‘^r‘^ and the Bethe-Heitler process [13] 7 + Z —Z + e+ + e“, which has a 
larger cross section ~ Z‘^arl. Here, a = e^/dvreohc = 1/137 is the hne structure constant. 
Both processes are efficient for the positron production with intense laser pulses and high-Z 
targets [14, 15]. However, they introduce strong limitations on the noise level for detecting 
the BW process. Experiments carried out on the Jupiter and OMEGA EP laser facilities 
[16, 17] showed production of ~ 10^° positrons per shot from a thick gold target irradiated 
with a laser pulse having intensity lO^o W/cmT Recently, on the ASTRA-GEMINI laser 
facility, a high-density (10^® cm“^) and small divergence (10-20 mrad) positron beam has 
been created, by a high intensity laser beam irradiating a gas target and using a secondary 
high-Z target [18-20]. These examples illustrate the difficulty in detecting the BW process, 
which requires a clean interaction environment excluding heavy materials and prefers a 
collision of intense and energetic photon beams in vacuum. 

A possible experimental scheme for studies of the BW process was suggested recently by 
Pike et al. [ 8 ] . The authors proposed to collide a GeV photon beam with a bath of thermal 
photons at a temperature of ~ 300 eV. The GeV photons are supposed to be created in 
the Bremsstrahlung process of laser accelerated electrons in a mm-thick gold target. Laser 
intensities above 10^^ W/cm^ are required to accelerate electrons to GeV energies, which then 
generate the photons. The thermal X-rays can be produced inside a high-Z hohlraum with a 
separate laser pulse having energy of a few hundred kJ. Such an experimental conhguration 
could be realized on the LMJ or NIF laser facilities [21, 22] coupled to the petawatt systems 
PETAL and ARG, respectively. The authors expect a production of ~ 10^ BW pairs in 
a single laser shot. However, the proposed scheme cannot be operated with multiple laser 
shots, and it is prone to a high noise level due to the presence of a signihcant mass of 
heavy material. Moreover, the authors of a recent study of the Bremsstrahlung process 
on a petawatt laser facility with the intensity close to 10^^ W/cm^ [23] reported a photon 
spectrum with a relatively low effective temperature of less than 10 MeV and a cut-off energy 
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below 100 MeV. The softening of the photon spectrum is explained by an efficient creation 
of secondary electrons in the gold target. These observations demonstrate the difficulty to 
create an efficient GeV photon source based on the Bremsstrahlung process. 

In this paper, we propose another experimental approach for the observation of the BW 
process. The scheme relies on the collision of two relatively low energy (few MeV), intense 
photon beams. Such beams can be created by interacting intense laser pulses with thin 
aluminium targets or short and dense gas jets. By colliding two of them in vacuum, one 
would be able to produce a signihcant number of electron-positron pairs in a controllable 
way. It offers the possibility to conduct a multi-shot experiment with a reliable statistics on 
laser systems with pulse energies of the level of a few joules and in a low noise environment 
without heavy elements. We provide details of the experimental setup, analytical estimates 
and numerical simulations of the expected yield of reactions and possible ways to create a 
photon source with requested parameters. 


II. BREIT-WEELER PAIRS PRODUCTION IN LABORATORY 

The energy threshold of the BW process is dehned by the conservation of energy and 
momentum. Assuming that both, electron and positron are produced at rest in the center 
of mass reference system, the threshold condition writes 

= 2mgC^/(l — COS0) (1) 

where 0 is the angle between the colliding photons with energies E^^ ^ respectively. For the 
optimal geometry of a head-on collision, 0 = tt, the product of energies of the colliding 
photons should be larger than 0.25 MeV^. The appropriate choice of photons depends on 
the available sources. In the SLAG experiment with a laser delivering ~ 2eV photons in 
a very short pulse of 20 — 30 fs, one would need a counterpart source of a few hundred 
GeV photons. The only known source of such energetic photons would be the Gompton 
backscattering, which requires a few hundred GeV electron beam. It is produced in km- 
scale linear accelerators, which are major facilities requiring rather expensive preparation 
campaigns. Moreover, with expected number of Gompton photons ~ 10^, the probability of 
the BW process remains very small, which does not allow the direct BW process observation. 
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FIG. 1. Cross section versus and near the threshold for (j) = tt. 


Another known source of intense photons is a hohlraum heated by a high energy laser 
pulse [8]. While delivering a laser energy of a few hundred kJ inside a mm-size gold cavity, 
one can create a black body-like radiation with the effective temperature of 200 — 300 eV [24], 
This corresponds to a very signihcant number of photons ~ 10^° conhned in a millimeter-size 
volume on a nanosecond time scale. The counterpart photon source is then in the GeV range, 
which can be created today in the laboratory-scale laser installations [25]. However, this 
scheme [8], apart of making the photon interaction in a harsh hohlraum environment, faces 
another challenge in producing an efficient GeV photon source. Although several approaches 
could be considered [26], none of them is demonstrated today, and it would be difficult to 
make a valid prediction of how efficient such a source could be. 

It is much easier to produce lower energy photons in a few MeV range. According to Eq. 
(1), a collision of two such photon beams at a large angle could produce the electron-positron 
pairs. This is the basis of our scheme to demonstrate the BW process: a collision of two 
identical MeV-photon beams. Pairs production is analytically estimated in two different 
cases: (i) GeV photon with thermal photons bath [8] and (ii) MeV-MeV photon collision. 

The cross section of the BW process is given by the expression [1]: 


TT 




-2/3(2 -/32) + (3 -/?^) In 


1 + /3 


( 2 ) 


where /3 = — 1/s and s = — cos(f))/2m‘lc^ is the relativistic invariant. This 
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FIG. 2. Probability of BW pair creation per unit of length versus the incident photon energy 
for the thermal bath temperature, 100 (solid), 250 (dashed) and 400 eV (dash-dotted). 


cross section is shown in figure 1. It achieves its maximum at s ~ 2 and then decreases 
asymptotically as 1/s. 

In the case (i), the thermal photons are described by the Planck distribution with the 
temperature T: n{E^^) = h^) — 1)“^. By integrating the cross section (2) 

over the energy of the second photon and the collision angle, one hnds a probability per unit 
length for a photon of the energy E^ to be converted into a pair in a collision with a thermal 
bath: 


^77 ~ I dE^2 n{E^^) 


a. 


77 


(s)(l — COS0) (El 


a 


X l 2 / 

TlAc \meC^ J 

where Xc = h/mgC is the Compton length and 


T 


( 3 ) 


2 1*00 pxu 

-^(^) = —/ dxie^ — 1)~^ / sa^Js)ds 

Jo 

is a function of the variable v = E^T/mlc'^, which achieves a maximum close to unity for 
z/ ~ 2. 

As one can see in hgure 2, a probability of creating a pair with 1 GeV photon increases 
from 10“®cm“^ to 2 x 10“^cm“^, when the hohlraum temperature increases from T = 100 
to 400 eV. The total number of generated pairs, Np = is proportional to the number 
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of photons and the propagation length L. Then for L = 1 cm and = 10®, one expects 
between 10^ and 5 x 10^ pairs per shot in that temperature range. The lowest pair number 
could be small compared to the expected noise level. Moreover, in the analysis of pairs 
production in a 1 GeV photon interaction with thermal photon in a high-Z hohlraum one 
has to take into account that all pairs are generated inside the hohlraum and their detection 
could be difficult. The authors [ 8 ] estimate T = 250 eV {Np = 5 x 10"^) as a hgure of merit 
for such an experiment. Another important parameter is the intensity of the GeV photon 
source: one needs a reliable source of 10® photons per shot, or approximately 0.1 J in a 
bunch, which is quite challenging. 

In the case (ii), the use of MeV photons allows to reduce signihcantly the requirements on 
the photon source for a BW experiment. Assuming two conical 7 beams with a divergence 
angle 6 (half angle of the full divergence) intersecting at an angle 0 , the interaction volume 
will be V ~ — cos 9), where = ct is the pulse length, r is the pulse duration 

and R is the distance between the target and the collision zone. We suppose that R is 
much greater than the focal spot radius. The number of pairs can be estimated as Np ~ 
/[27iR^{1 — cos 6 *)], where N-y is the total number of photons in the bunch. Taking 
for the estimate the maximum value for the cross section (2) the number of pairs, for 1 MeV 
beams and for 0 = 180° reads 

Np^ 10^ Wy{R^{l- cos 9)), (4) 

where W is the photon beam energy in joules and R is the interaction distance in pm. 
Therefore, two beams having an energy of 1-10 J each, with a beam divergence angle 9 = 30° 
and an interaction distance of i? = 500 pm will produce in average 3 x 10^ — 3 x 10^ pairs 
per shot. 

A source producing in average 2 J photon bunches with an effective temperature of 6 MeV 
is already available [23]. Moreover, MeV photon bunches could be created routinely in the 
new generation of 10 PW laser facilities under construction in the framework of the ELI [27] 
and Apollon [28] projects. The schematic experimental setup is shown in figure 3. Two 
photon beams are created from thin foils irradiated with laser pulses at an high intensity of 
10^2-23 ’w/cm2. A separation of the interaction zone by a distance of 1 — 2 mm should be 
sufficient to distinguish between the pairs created in the BW process and the background 
as it is shown in the next section. 
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FIG. 3. Experimental setup for the Breit-Wheeler pairs production with MeV colliding photon 
beams. 

III. INTENSE COMPACT SOURCES OF MEV PHOTONS 

According to the estimate (4) one may produce 10^ — 10^ pairs per shot, while using beams 
of 1-10 J of MeV photons. Various y-ray sources can be considered: MeV photons can be 
produced via Bremsstrahlung [23], betatron [29], Compton scattering [34] and synchrotron 
emission [30]. 

The regime of emission, collimation and conversion efficiency depend on the laser intensity, 
duration, and the target properties. In order to make generation and detection of pairs 
experimentally feasible, the source should produce a collimated emission. This will allow to 
define the direction of the pair emission and a create sufficient intensity of the photon beam 
in the collision area (see Fig. 3). The source brightness is also a crucial parameter allowing 
to produce a sufficient number of pairs far from the source. Table I provides a comparison 
between different 7 ray sources for BW pairs production. 

The photon source based on the Bremsstrahlung process can be realized by focusing an 
intense laser radiation on a mm-thick target of a high-Z material, gold or tungsten, for 
example. A large number of hot electrons is produced in the MeV energy range [33] for 
laser intensities 10^° — 10^^ Wcm“^. In this case, 1-2 J beam of 3-50 MeV photons with a 
duration of 150 fs and an average angle 6 of 15° has been reported [23]. The laser to 7 -ray 
energy conversion around 2%. However, the use of high-Z material (gold) for the target 
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TABLE I. Comparison of the different 7 sources. 


Source 

Bremss. 

Betatron 

Compton 

Synch. 

Laser energy 

100 J 

5 J 

20 J 

100 J 

7 energy 

3-50 MeV 

1-7 MeV 

6-18 MeV 

1-10 MeV 

Beam energy 

1-2 J 

1 pJ 

1 pJ 

1-10 J 

Efficiency 

10“2 

10 “® 

10 “^ 

10-1 

Divergence (0) 

~15° 

~ 1° 

~1° 

~ 30° 

Reference 

[23] 

[29] 

[34] 

[30] 

Np * 

~ 10"^ 

~ 10"® 

~ 10"® 

~ lO^i 


* Number of pairs according to Eq.(4) at a distance of 500 /rm. 


leads to production of a large amount of background e+e pairs, greater than 10^° [16] due 
to the Betlie-Heitler process. This is much larger than expected number 10^ of BW pairs 
(see Table I). 

The betatron sources of coherent radiation are produced with X-ray free electron lasers. 
By focusing a laser beam of 10^^ W/cm^ of a femtosecond duration inside a wave-guide 
plasma capillary, 10® photons in range of 20-150 keV are generated with a divergence < 
1° [29]. However, the efficiency of such sources decreases with the photon energy. It should 
be possible to produce about 10^ photons in range of 1-7 MeV. Then the total beam energy 
is ~ 1 pJ, which is too low to produce a signihcant number of pairs per shot (see Table I). 

The Thomson and Compton sources are more suited for higher photon and electron 
energies, above a hundred MeV, where their efficiency is higher [11, 26, 34]. In Ref. [34], one 
laser beam was used to produce a relativistic electron beam from a gas target, another laser 
beam was collided with the electron beam to produce photons from the inverse Compton 
scattering. In this experimental setup, 10^ photons at 6 MeV can be generated with a 
low divergence < 1°. But the pair number per shot is estimated to be ~ 10“^, which is 
comparable to the betatron source (see Table I). 

In the MeV range, the most suitable source is based on the synchrotron emission of en¬ 
ergetic electrons in an intense laser held with an intensity ~ W/cm^. The numerical 

studies predict emission of photons with energies up to tens of MeV with the conversion 
efficiency of several tens percent [30, 35-37]. 
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A promising configuration to obtain bright sources of MeV photons consists in the use of a 
few /rm thin foil. At the laser-solid interface, the incident and reflected waves form a standing 
wave, producing electrons with energies up to several hundred of MeV, 7 e ~ Oq. These 
electrons interact with the laser held and radiate high energy photons. The characteristic 
energy of emitted photons ~ huoal corresponds to the MeV range for the dimensionless 
laser amplitudes oq ~ 100. Simulations performed in Ref. [30-32] show that tens of percent 
of the laser energy can be converted into a well collimated beam of 1 — 10 MeV photons 
for the laser intensity ~ 10^^ W/cm^. By colliding photons from two such sources one may 
produce 10^ pairs per shot. This number is comparable to the Bremsstrahlung source (see 
Table I), but with a much lower level of background pairs. 

According to Table I, the Bremsstrahlung and synchrotron sources are the most suitable 
for pair production in the proposed setup. 


IV. FEASIBILITY OF A MEV PHOTON COLLIDER 

With the next generation of intense laser facilities the expected laser conversion in high- 
energy photons is ~15%, which corresponds to an energy of ~20 J, for a laser energy of 
150 J as for the Apollon facility [28]. It is demonstrated in numerical simulations with 
two-dimensional particle-in-cell code CALDER [38]. 


A. MeV photon source from solid target 

An aluminum foil 8 pm thick is irradiated at normal incidence at an intensity 10^^ W/cm^. 
The target density is 2.7 g/cm^, corresponding to the number density uai ~ OOuc. The simu¬ 
lation is made with periodic transverse boundary conditions damping longitudinal boundary 
conditions both for the helds and the particles. The grid spacing is Ax = Ay = 0.03c/a;o, 
the time-step is equal to At = 0.02ci;(]’^, with 30 macro-particles per cell. The simulation 
domain is 300c/a;o (~ 48 pm) long and 4:5c/U q wide (~ 7 pm). The pulse has a Gaussian 
shape with the duration Ti = 207 iuq^ ~ 33 fs. The focal spot radius is 2 pm. 

A typical angular-energy spectrum of photons produced in the laser-thin foil interaction 
is shown in hgure 4. The photon beam divergence is about ~ 60°and the maximum emission 
angle is at 0 = 34° for a photon energy of 200 keV. 
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FIG. 4. Spectral and angular distribution of the emitted photon energy in the interaction of a 
laser pulse at 10^^ W/cm^ with a 8 /rm aluminium target. 

The number of photons in the range of 1-3 MeV emitted in a forward direction 
is ~ 10^^. The photon brightness is ~ 0.14 J/MeV/sr and the brilliance is 2 x 10^® 
photons/sr / mm^ /s/0.1 bandwidth. 

The number of BW pairs produced in a collision of two cylindrical photon beams of 
densities and and distribution functions 6*i), /-y, 2 ( 72 , ^ 2 ) in fhe volume V/, = 

TiR^l^ during the interaction time reads: 

P'yimax 

N±^bw ^ n^,in^,2V^cT^ / /i(7i,6'i) 

'yimin *^0 

p'y2max 

X / 72(72, 6'2)o- 77(1-cos (/))d 6 'ic/ 6 ' 2 d 7 id 72 ( 5 ) 

12,min *^0 

This integral was calculated by using the photon distribution function shown in Fig. 4. 
The expected number of pairs is 10® produced right at the source. 

However, this configuration is not the best choice to isolate pairs produced by the Breit- 
Wheeler process due to the fact that the Bethe-Heitler and Trident mechanisms also con¬ 
tribute to the pair production. Knowing number of photons produced ~ 10^^, the expected 
number of pairs from the Trident process is 10^ for the aluminium target Z=13. 

The number of pairs produced via the Bethe-Heitler (BH) mechanism can be estimated 
as NpBH = cr^zN-ynAiL, where a^z — Z‘^ar‘1 the cross section and the number of pairs 
produced in an aluminum target of thickness L = 8 fim is 10®. 
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Since the expected number of BH an BW pairs is compatible at the source, the photon 
collision zone needs to be separated from the source. A distance of 500 pm seems to be a 
reasonable compromise between a reduction of the background noise and a photon beam 
divergence. The expected number of Breit-Wheeler pairs can be estimated from the photon 
function distribution shown in Fig. 4 according the following expression: 

P'yimax r')2max 

N±^BW ~ / / f'y,lf-y,2<^'yyl'yd'yid'y2- ( 6 ) 

^ 'y2min '72min 

At a distance of 500 pm, considering a density of ~ 3 x 10^® cm“^ and a divergence angle 
of 35° we obtain a pair yield of 10^, which is in agreement with Eq. (4) for the photon beam 
energy of 20 J. 


B. MeV photon source from gas target 

The laser interaction with a near-critical plasma could be also a bright source of high- 
energy photons. Moreover by choosing a low-Z gas the yield from BH process may be 
suppressed. We have performed numerical simulations considering a hydrogen plasma of a 
density Atic and a thickness In = 80 pm. The laser pulse at an intensity of 10^^ Wcm“^ 
(oo = 270) with a Gaussian temporal prohle T;=30 fs was focused in a focal spot of a radius 
of 5 pm. The simulation box is 1400 c/ojq long and 500 c/uq wide with a grid spacing 
Ax = Ap = 0.2 c/ojq and a time step At = 0.2 with 40 macro particle per cell. The 
plasma has a cos^ density prohle in the longitudinal direction and a constant in transverse 
direction with an initial temperature of 100 eV. Absorbing boundary conditions are applied 
in the longitudinal direction and thermalizing boundary conditions are used in the transverse 
direction. 

At the end of simulation more than 90% of the laser energy has been absorbed and 
45% has been transferred to high-energy photons. The time-integrated photon spectrum 
in energy and emission angle 9 is shown in Fig. 5. The maximum emission is located 
around 28° and the angular width corresponds to 15°. The forward emitted energy photon 
is 47 J (70 % of the radiated energy) in a range 0.1-10 MeV. A brilliance is equal to 10^® 
photons/sr/mm^/s/0.1 bandwidth and a brightness is 0.4 J/MeV/sr. The number of forward 
emitted photons of an energy up to 1 MeV is equal to 2 x 10^^. The average photon energy 
is equal to 2.7 MeV. 
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FIG. 5. Spectral and angular distribution of the emitted photon energy in the interaction of a 
laser pulse at 10^^ W/cm^, in the case of gas target, He = 4nc, SO/rm. 


By colliding two such photon beams at the source according to Eq.(5) one may create 
10®-10® pairs. At a distance R = 500 fim from the source, the beam average radius is 
R^ji ~ 200 fim and the photon density 6 x 10^® cm“^. The expected yield of BW pair 
according to Eq.(6) is 10^-10“^ similar to the case of an aluminium target. The focal spot is 
larger in case of a gas target but the pulse duration is longer. 

An estimate of the background pair yield due to the Bethe-Heitler mechanism, is of the 
order of 10® (~ 10^ forward emitted). This is similar for the aluminium target. A suppression 
of the pair production due to a smaller ion charge is compensated by the difference in the 
photon spectrum, the total radiated energy, and the fact that all photons (forward and 
backward emitted) contribute to the BH process. Therefore, for the detection of the BW 
process one needs to separate the photon-photon interaction zone from the source targets. 
The collision of photon beams at an angle 6 ~ 90° offers another important advantage for 
the BW pairs detection, as both, electron and positron, will be emitted in the preferential 
bisection direction. This may allow a better signal-to-noise ratio even for a large total 
number of background pairs. 
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V. CONCLUSION 


Qualitative estimates and numerical simulations show that about 10® BW pairs can be 
produced with existing sources of MeV photons. This number is comparable with the ex¬ 
pected number of BH pairs. A separation of the BW and BH processes can be achieved by 
placing the photon collision zone far from the source. About 10^ pairs can be generated at 
the distance R=500 /rm from the source. This number is comparable to the pair number 
given in [8], however, with a much better control of background processes. The choice of 
the distance and a crossing angle give a possibility to optimize the signal-noise ratio. Two 
suitable y-ray sources, the Bremsstrahlung and synchrotron sources are offering a good con¬ 
version efficiency. Although the expected number of BW pairs is sufficiently high, the major 
challenge is to discriminate them from other pairs created by the Trident and Bethe-Heitler 
processes in the photon source target. A shield could be designed to eliminate high energy 
photons and pairs production processes [19, 20]. Moreover, to deflect the background pairs, 
a strong magnetic held (100 Tesla) could be used [39]. A spatial separation of the photon- 
photon interaction zone is a promising way for the detection of the BW pairs emitted in the 
preferential direction. 


ACKNOWLEDGMENTS 

We acknowledge the hnancial support from the French National Research Agency (ANR) 
in the frame of ’’The Investments for the Future” Programme IdEx Bordeaux - LAPHIA 
(ANR-lO-IDEX-03-02) - Project TULIMA. This work is partly supported by the Aquitaine 
Regional Council (project ARIEL). 


[1] V. B. Beresteskii, E. M. Lifshitz and L. P. Pitaevskii, 1982, Quantum Electrodynamics (Elsevier 
Butterworth-Hienmann, Oxford). 

[2] T. Piran, Rev. Mod Phys. 76, 1143 (2004). 

[3] R. Ruffini et al, Physics Reports 487, 1 (2010). 

[4] A. I. Nikishov, Sov. Phys. JETP 14, 393 (1962). 

[5] G. Breit and J. A. Wheeler, Physical Review 46, 1087 (1934). 


14 



[6] C. D. Anderson, Physical Review 43, 491 (1933). 

[7] D. L. Burke et al. Phys. Rev. Lett. 79, 1626 (1997). 

[8] O. J. Pike et al. Nature Photonics 8, 434 (2014). 

[9] A. I. Nikishov and V. I. Ritus, Sov. Phys. JETP 19, 529 (1964). 

[10] N. B. Narozhnyi, A. I. Nikishov, V. I. Ritus, Sov. Phys. JETP 20, 622 (1965). 

[11] C. Bamber et al. Phys. Rev. D 60, 092004 (1999). 

[12] C. Burke et al. Phys. Rev. Lett. 76, 3116 (1996). 

[13] H. Bethe and W. Heitler, Proc. R. Soc. A 146, 83 (1934). 

[14] E. P. Liang, S. C. Wilks, M. Tabak, Phys. Rev. Lett. 81, 4887 (1998). 

[15] J. Myatt et al, Phys. Rev. E 79, 066409 (2009). 

[16] H. Chen et al., Phys. Rev. Lett. 102, 105001 (2009). 

[17] H. Chen et al, Phys. Plasmas 21, 040703 (2014). 

[18] G. Sarri et al. Plasma Phys. Control. Eusion 55, 124017 (2013) 

[19] G. Sarri et al., Phys. Rev. Lett. 110, 255002 (2013). 

[20] G. Sarri et al. Nature Communications 6, 6747 (2015). 

[21] G. H. Miller, E. T. Moses and C. R. Wuest, Nucl. Eusion 44, S228 (2004). 

[22] J. Giorla et al. Plasma Phys. Control. Eusion 48, B75 (2006) 

[23] A. Henderson et al.. High Energy Density Phys. 12, 46 (2014). 

[24] D. A. Callahan et al.. Journal of Physics: Conference Series 12, 022021 (2008). 

[25] W. P. Leemans et al. Nat. Phys. 2, 696 (2006). 

[26] K. Nakajima, High Power Laser Science and Engineering 2, e31 (2014). 

[27] http: //www .extreme-light-infrastructure.eu/ 

[ 28 ] http://cilexsaclay.fr/ 

[29] S. Cipiccia et al. Nature Physics 7, 867 (2011). 

[30] R. Capdessus el al, Phys. Rev. Lett. 110, 215003 (2013). 

[31] R. Capdessus el al, Phys. Rev. E 86, 036401 (2012). 

[32] R. Capdessus el al, Phys. Plasmas 21, 123120 (2014). 

[33] A. Compant La Eontaine, J. Phys. D: Appl. Phys. 47, 325201 (2014). 

[34] G. Sarri et al, Phys. Rev. Lett. 113, 224801 (2014). 

[35] N. Nakamura et al, Phys. Rev. Lett. 108, 195001 (2012). 

[36] C. P. Ridgers et al, Phys. Plasmas 20, 056701 (2013). 


15 


[37] L. L. Ji et al, Phys. Plasmas 21, 023109 (2014). 

[38] M. Lobet el al. , arXiv preprint arXiv:1311.1107 (2013). 

[39] J. J. Santos et al. New Journ. Phys. 17, 083051 (2015). 


16 



